Abstract-Micrometer and sub-micrometer sized non-magnetic particles were manipulated by an external strong magnetic field (e.g., 10 Tesla) with a high gradient. During the strong magnetic field effects, segregation of the non-magnetic particles was observed which could not be realised only with gravitational field. Numerical calculations were subsequently carried out to understand the effects on the insulating particles in a conductive liquid matrix. The migration of micrometer sized particles is obviously enhanced by the magnetic field gradient. Combining the experimental results and theoretical analysis, particle-particle magnetic interaction was found to influence the overall segregation of the particles as well. Magnetised by the strong magnetic field, magnetic interaction between non-magnetic particles becomes dominant and a self-assembly behavior can be demonstrated. Various factors such as the magnetic dipole-dipole interaction and chainchain interaction, are governing the particles assembly. According to calculations, magnetic field should be strong enough, at least 7 T in order to obtain the assembly morphologies in the present case.
INTRODUCTION
The use of strong magnetic fields with or without a high gradient is being employed in the field of materials science and engineering [1] . The recent progress is due to the development of superconducting technology which makes strong magnetic fields of 10 T or higher easily attainable [2] . A lot of interesting phenomena have been observed and attracted considerable attention in the field of materials processing. Aspects that have been investigated include magnetic orientation [3] , magneto-thermodynamics [4] , magnetohydrodynamics [5] and magnetic effect on chemical reactions [6] . More particularly, the treatment of materials containing particles is a favoured topic. The controllable behavior of small non-magnetic particles using strong magnetic fields -e.g., anisotropic materials preparation [1, 7] and millimeter sized particles assembly [8] -has been of great interest. Although such materials normally show little response to ordinary magnetic fields, e.g., < 1 Tesla, strong magnetic fields, e.g., 10 Tesla can induce efficient magnetic responses from nonmagnetic materials [9] . In this case, strong magnetic fields provide an opportunity to control small non-magnetic particle behavior during material preparation.
Unlike ferromagnetic or super-paramagnetic materials, nonmagnetic particles especially diamagnetic materials are lack of a permanent magnetic moment. Their magnetisation is directly from the induction of an external magnetic field [10] . Therefore, less agglomeration presents for these materials when compared with magnetic materials, such as magnetic nanoparticles [11] , which will be one of the advantages for future applications. In earlier reports, much attention was paid to organic materials such as aromatic peptide [12] and liquid crystal [13] or carbon nanotubes [14] in that these materials are inherent relatively high absolute magnetic susceptibility values. Based on the theories of magnetic energy [15] and magnetic interaction [11, 16] , the higher the magnetic susceptibility value is, the stronger the magnetic response will be. On the other hand, the interaction between the particle and the surrounding liquid is believed to play an important role as well during the interparticle magnetic interaction [16] [17] [18] . An additional magnetic force which is defined as MHD interaction force is induced when the particle is moving in a conductive liquid [17, 18] . The force is highly depending on the flow field around the particles. In creeping flow region, MHD interaction force is repulsive for sub-micrometer sized particles [17] . However, it can be an attractive force when the flow field becomes more complex and this would contribute to form chains together with the magnetic dipole-dipole interaction force [19] when applying a strong magnetic field.
Up to now, limited reports on the strong magnetic interaction behavior of small non-metallic inorganic particles inherent very low magnetic susceptibility values.
In the present paper, magnetic interaction between micrometer sized oxide particles is demonstrated. Magnetic field effects on single particle is discussed and compared with numerical calculations. With a strong enough magnetic field, magnetic interaction behaviors due to the applied magnetic field become dominant and self-assembly of the particles can be realized.
To validate the observation, factors such as treatment time and magnetic flux density are examined. In addition, theoretical analysis are performed to discuss the segregation and assembly behavior.
EXPERIMENTAL
In order to carry out the experiments and obtain a system of diamagnetic non-metallic particle-conductive liquid, modeling sample of Pb-Sn solder alloy provided by Metallo N. V. with a composition of 26.9 wt% Sn was chosen during the experiments. The alloy contains dissolved oxygen and was covered with an oxide residue layer. The residue was removed and the remaining material was machined into cylindrical samples with a diameter of 9 mm and a height of 12 mm. After sealing the sample with inert refractory materials inside of a tube of high purity corundum, the tube was mounted with a sample holder into a tube furnace which was placed in a vertical strong magnetic field reaching up to 12 T generated by a superconducting magnet. The temperature of the furnace can reach 900 • C and was controlled to a precision of ±1 • C. The experimental apparatus is schematically presented in Fig. 1 , together with the magnetic field and gradient distribution. Distributions of the magnetic field along the vertical direction were measured with a magnetic fluxmeter (HT700SP, Shanghai YAHAO). The furnace consisting of non-magnetic materials has negligible influence on the magnetic field distribution. The sample was initially heated to 330 • C and kept for around 30 min to ensure complete melting. The temperature was subsequently cooled to 270 • C (around the liquidus temperature) at a cooling rate of 5 • C/min in order to precipitate oxide phases from the oxygen saturated Pb-Sn melt matrix. After a predefined holding time at 270 • C, the sample was drawn out of the magnet for quenching in water at room temperature. The sample was removed as fast as possible to make sure that the particles did not have enough time to migrate before being frozen. The temperature profile during the experiments is given in Fig. 1(c) .
The magnetic field is kept as constant in the process of oxide particles generation and interaction. The cold samples were cut along the longitudinal direction and polished for scanning electron microscopy (Philips XL 30 FEG, the Netherlands) examination and semi-quantitative analysis with an energy dispersive X-ray spectrometer (EDAX, the Netherlands). The macro-and microstructures of the samples with and without the magnetic field treatment were investigated and the compositional gradient as well as the non-metallic particle distribution was obtained. To verify the composition of the oxides, X-ray diffraction (XRD) analyses were carried out of the as-products (XRD, Siemens D500).
RESULTS
To understand the effect of the strong magnetic field with a high gradient, the effect of the magnetic flux density and treatment time on the non-magnetic particle (precipitated oxide phase) segregation was investigated. Fig. 2 gives a comparison of the oxygen content distribution through the sample axial cross-section which indicates the oxide particle distributions with and without magnetic field treatment. Figure 2 . Effect of the strong magnetic field gradient on the oxygen distribution along the cross-sectioned cylindrical samples with or without the magnetic field treatment. Without magnetic field, a single particle gets only the buoyancy force because of the density difference; when a gradient magnetic field is applied, magnetic force/magnetic Faraday force works on the diamagnetic particle as well.
It is easily detected that, the migration depends significantly on the gradient product (BdB/dz, Fig. 1(b) ) and the holding time (Fig. 2) . When segregation is observed, an obvious transit point exists where the oxygen content changes from a very low value to a high value (Fig. 2) . The oxide layer thickness is then defined as the distance from the transit point to the "Top" (Fig. 2) . According to Fig. 2 , the oxide layer becomes thinner with longer magnetic field treatment time, indicating an enhanced segregation. No obvious migration can be found when the gradient magnetic field is absent. Figure 3 illustrates a comparison of the non-magnetic particles interaction behaviors with and without a strong magnetic field treatment. Non-magnetic particles distribute randomly when the magnetic field is absent (Figs. 3(a1) and (a2)) and particle chains can be formed when applying a strong enough magnetic field, indicating an obvious magnetic interaction (Figs. 3(b1) and (b2)). According to EDAX analysis, the oxide particle (black phase in the backscattered electron image) in Fig. 3 is SnO 2 doped with some amount of PbO 2 (around 20 at %). This is confirmed as well by X-ray diffraction analysis of the whole sample. Nevertheless, the particles precipitated inside and outside of the magnetic field exhibit fairly Figure 3 . Effect of strong magnetic field with a high gradient on the segregation and self-assembly of the non-metallic particles. The SEM backscattered electron images, (a1) and (a2) are the SEM-BSE images of the sample treated without a magnetic field; (b1) and (b2) are the images of the sample treated with a strong magnetic field. Note: black phase: oxide particle; white phase: Pb; gray phase: PbSn 2 .
distinctive morphologies. Based on earlier researches, a shift of phase transformation and crystal morphologies induced by a strong magnetic field has been already realised [4] . The results now clearly indicate that, the nature of the precipitated phase can also be influenced by the magnetic field. The reason is believed to be that the oxygen transfer as well as the flow of the liquid melt is slowed down by the strong magnetic field [20] . The gray matrix in all images of Fig. 3 is identified as a phase with composition of eutectic phase with a small amount of dissolved oxygen. In the matrix, the white phase which is finer in Figs. 3(a) and (b) is Pb. The exact phase analysis is beyond the scope of this paper since the main focus is on the influence of the magnetic field on the oxide particles interaction. The lack of detailed information of the influence of strong magnetic fields on Pb-Sn-O phase diagram and impurities in the alloy would also make the analysis more complex.
DISCUSSION

Strong Magnetic Field Induced Non-magnetic Particles Segregation
The induced migration of the non-magnetic oxide particles is due to the additional magnetic Faraday force (Equation (1)). During strong magnetic field treatment, the samples were put in the position with the highest gradient product (BdB/dz) where the Faraday force is in the same direction as the buoyancy force (Equation (2)).
where µ 0 (= 4π × 10 −7 Hm −1 ) is the magnetic permeability of the vacuum, χ M and χ P are, respectively, the volumetric mass magnetic susceptibility of the melt and the diamagnetic oxide particle, V is the volume of the particle.
Under low magnetic fields, the feeble magnetic non-metallic particle itself is subjected to a weak magnetic force and the migration is negligible [8] . However, when a large difference of the magnetic susceptibility between the particle and the matrix exists, migration of the magnetised particles can be significantly enhanced especially for micrometer-sized particles [21] . This is a prerequisite to induce significant migration of the non-magnetic particles using a strong magnetic field. In our case, the magnetic susceptibilities of the non-metallic SnO 2 of −2.38 × 10 −5 and PbO 2 of −1.29 × 10 −5 are much smaller than the liquid metal matrix PbSn 2 (eutectic phase) of 1.90 × 10 −6 according to reference [22] which are shown in Table 1 . When the magnetic field is absent, the particles disperse in the matrix without any macro segregation. The current experiments however reveal that non-metallic particles are collected to one side of the sample and the segregation layer becomes thinner with the increase of the treatment time (Fig. 2) when strong magnetic fields with a high gradient are employed.
Together with the magnetic Faraday force, buoyancy force F g acts as a driving force for the non-magnetic particles segregation.
where ρ M and ρ P are the densities of the liquid melt and of the nonmetallic inclusion, respectively, g is the gravitational acceleration.
With only the gravitational field, no obvious segregation of the non-metallic particles was observed, as shown in Fig. 2 , implying that the buoyancy force is so insignificant. In the present case, the magnetic Faraday force is around two times of the buoyancy force based on the Viscosity, η, Pa·s --
data in Table 1 . This observation also indicates a substantial that the magnetic Faraday force is considerable and the magnetic force plays a key role in the formation of gradient particle distribution. At the same time, a single non-metallic particle experiences the Stokes viscosity force during migration. The drag force can be expressed by Equation (3) .
where F η,B is the Stokes viscosity drag force (for spherical particle with Reynolds number less than 1), η M,B is the viscosity of the liquid in strong magnetic field; v P is the inclusion velocity and d P is the diameter. When a particle is migrating in a conductive liquid, the viscosity performs as a drag on the particle and its value depends on the present conditions, e.g., temperature, pressure. In a strong magnetic field, the interaction behavior and thermodynamics status of the molecules in the liquid will be changed and therefore the viscosity of the conductive liquid is expected to be modified [15] . Experimental results [23, 24] have demonstrated that the magnetic field can increase the viscosity and some experiential equations have already been derived from the measured data describing the magnetic field dependence of the viscosity [23] . According to [16, 22, 25] , the magnetic field effect on a conductive liquid viscosity can be derived from the Hartmann number (Ha) [26] according to Equation (4). The viscosity then becomes an effective viscosity η M,B . It indicates that the drag force and the Faraday force increase simultaneously with increasing the magnetic flux density. Consequently, it becomes the reason for insufficient enhancement of the migration of larger particles under strong magnetic fields [16] . where
and σ M is the electrical conductivity of the liquid melt at a certain temperature.
By further assuming that the drag is the only opposing force to the driving forces in axial direction (shown in Fig. 2) , the resultant velocities can be evaluated via Newton's second law as a function of the particle size. Here we assume the particle is SnO 2 . From the results in Fig. 4 , an obvious increase of the particle motion is found in the present case when the particle size is around or less than 2 µm. The particle migration velocity under magnetic field v m can reach around 7 times of that under gravitational field v g . To sum up, the distribution of micrometer non-metallic particles can be controlled by combining the above mentioned effects of the strong magnetic field.
Additionally, the oxide layer thickness can be estimated theoretically based on the particle migration velocities in Fig. 4(a) . The average diameter 2.0 µm is adopted during the calculation and the oxide thickness layer is converted into percentage of the whole sample length. The oxide layer thickness is calculated from the subtraction of the migrating distance and the length of the sample. The comparison of the calculated oxide layer thickness and the experimental results is shown in Fig. 4(b) . A deviation presents that the experimental thickness is smaller than the theoretical estimation. The reason is believed that the magnetic interaction increase the effective diameter of the particle by forming chains or clusters.
Magnetic Interaction of Non-metallic Particles Induced by Strong Magnetic Fields
Under strong magnetic fields, the feeble magnetic, non-metallic particles can be magnetised and their interaction becomes considerable. Figs. 3 (a1), (a2) and (b1), (b2) illustrate the non-metallic particles (black phase) self-assembly morphologies when the magnetic field is absent and when it is 10 T. In the absence of the magnetic field, the oxide particles are randomly distributed and clustered (a) (b) (c) Figure 5 . Magnetic interaction of two non-metallic particles. (a) Schematic plot of the assembly process of the non-magnetic particles in a strong magnetic field; (b) Induced magnetic field distribution of a diamagnetic dipole; (c) Comparison of the magnetic dipole-dipole interaction energy and the thermal energy, depending on the particles separation distance and the magnetic field density. The magnetic field density is set as 10 T when considering the particles separation distance effect. The particles separation distance is set as 0 when taking account of the magnetic field density effect. It can be found that the particle separation distance should be smaller than 0.6 µm in order to get an assemble morphology at 10 T magnetic field. The magnetic field density should be at least 7 T in order to observe an obvious interaction behavior between the non-magnetic particles in the present case. (Figs. 3(a1) and (a2)) and no further self-assembly structures are found. However, chain-like structures, which are formed by a number of non-metallic particles, can be observed after being treated by the strong magnetic field (Figs. 3(b1) and (b2) ). This reveals the presence of an interparticle interaction due to the magnetic field. A schematic plot of the assembly process can be shown in Fig. 5(a) . Moreover, short chains tend to connect head to tail as there the attractive force is dominant [27] . Whereas the linear structures shown in Fig. 3(b1) are expected to align in the direction of the externally applied magnetic field, branching and deflection do always exist. A possible reason is the steric hindrance of primary lead phase according to the Pb-Sn binary phase diagram. Meanwhile, the lead phase seems acting as a matrix together with the PbSn 2 in the present case. Therefore, the disorder also provides additional evidence that the dipole-dipole interactions play an important role to get rid of the hindrance.
The oxide particle inherent a diamagnetic property and the induced magnetic field distribution can be obtained by
where the magnetic moment m i = V χ i B ext /µ 0 r and r are the unit vector and the distance from the magnetic dipole respectively (here we adopt cylindrical coordinate r, θ, z). The magnetic field is distorted by B Induced and the dipolar magnetic field adds to the external field at the "equator" of the diamagnetic oxide particle. At the same time, the dipolar magnetic field subtracts the external magnetic field at the "pole" position ( Fig. 5(b) ). Here we assume the external static magnetic field has a constant magnetic field gradient 600 T/m throughout the whole sample and therefore the magnetic field deviation in a step size of 2 µm (particle diameter) is 1.2 × 10 −3 T. The one dimensional induced magnetic field distribution along z-axis can be calculated according to Equation (5) and shown in Fig. 5(b) . It can be found that, the induced magnetic field is around 10 −2 T near to the particle. In a local inhomogeneous magnetic field, the magneto-static potential energy of a point dipole is expressed as
where B local is the local magnetic field including the externally applied and induced magnetic field. For diamagnetic particles, the magneto-static potential energy is positive and thus a particle is driven to the "pole" of another diamagnetic particle when they are approaching.
Subsequently the interaction between two dipoles can be described by the dipole-dipole interaction energy U dd . In a strong magnetic field, U dd between particles 1 and 2, presented in Fig. 5(c) , can be expressed as [11] 
where m 1 , m 2 are the magnetic dipoles, r 12 is the dipole-dipole distance and e 12 is the unit vector parallel to the line joining the centers of the two dipoles. When two particles assemble in a head-to-tail configuration along with the external magnetic field (e 12 paralleling with B, Fig. 5(c) ) due to the magneto-static potential energy, the second part in Equation (7) is 3m 1 m 2 and U dd is negative. It means the two particles will attract each other to reduce the magnetic interaction energy. In a magnetic field of 10 T, the magnitude of the interaction force can reach the value of the gravity force especially for smaller particles or clusters [17] .
Besides of the migration of the particles is influenced by their magnetic interaction, the interaction can also be interfered by the migration. During migration, another kind of interaction force is induced due to the conductive melt flow. The force can be roughly expressed as [16, 17] 
where σ M is the electrical conductivity of the melt. F (m) f acts as a repulsive force, weakening the dipole-dipole attractive force of two nonmetallic particles. However, it has very small magnitudes in creeping flow regime and highly depends on the fluid flow [17] . For more complex fluid flow, the force can function as an attractive interaction force. A detailed investigation can be found elsewhere [19] .
In addition to the interparticle forces, chain-chain interaction exists as related to the dipole-dipole interaction, governing the chaincoarsening perpendicular to the magnetic field. According to the literatures [27, 28] , the lateral aggregation or coarsening can only be evoked in a rather high particle concentration due to collision or energy decline. The aggregation is usually observed at the end of the chains since the potential energy for the particle located near the end of a chain is much lower [3, 5] . In our case, this kind of interaction seems much more pronounced as shown in Figs. 3(b1) and (b2) where chainlike structures become connected and even interlaced. A reason is the divergence of particle size and the aligning process of each particle to the preferred magnetisation direction due to its anisotropic magnetic property. In addition, the segregation of the particles induced by the gradient magnetic field makes the local conditions more complex and the collision probability increases. Moreover, the competition with Brownian motion may disturb the particles alignment as well. Another factor is that the particles are migrating during the formation of chains. Therefore, the particle size and its precipitated location can also change the self-assembly structures. Consequently, a web-like structure is assembled.
CONCLUSIONS
In the present paper, the segregation and interaction behavior of micrometer sized non-magnetic particles is investigated using strong magnetic fields with high gradient. A conclusion can be drawn as follows:
1) Non-metallic particles are collected into one side of the sample when the strong magnetic fields with high gradient are employed and the thickness of the segregation layer significantly depends on the gradient product (BdB/dz) and treatment time. The migration is dominated by the driving force (the Buoyancy force and the Faraday force) and the drag force. The Faraday force and the viscosity drag force are both increased with the magnetic field, indicating a counteracting behavior. Combining the effects of the magnetic field, the distribution of non-metallic particles can be easily controlled.
2) The self-assembly structures of the non-metallic particles are governed by the magnetic dipole-dipole interaction force. The dipole-dipole attractive force in the perpendicular orientation and the repulsive force induced by the flow of the melt determine the head-to-tail morphology while the dipole-dipole repulsive force in parallel orientation and the chain-chain interaction determine the coarsening of the chain-like structures. Influenced by a variety of factors, a web-like self-assembly morphology is formed.
In addition, it proves that small non-metallic particles can be manipulated and controlled by imposing an external strong magnetic field and provides a new possibility of strong magnetic fields application.
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